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Exchange bias properties are observed in a double perovskite compound, Sr2LuRuO6. The observed exchange
bias properties have been analyzed on the basis of some of the available theoretical models. Detailed magnetiza-
tion measurements show that the exchange bias properties are associated with the Dzyaloshinsky–Moria (D–M)
interaction among the antiferromagnetically ordered Ru moments (TN ∼ 32 K). In addition to the usual canting
of the antiferromagnetic moments, D–M interaction in this compound also causes a magnetization reversal at
T ∼ 26 K, which seems to trigger the exchange bias properties. Heat capacity measurements confirm the two
magnetic anomalies.
PACS numbers: 75.30.Et, 75.60.Jk, 75.50.Ee
I. INTRODUCTION
Exchange bias (EB) usually refers to an offset in mag-
netization hysteresis loop along the field axis1 in an anti-
ferromagnetic/ferromagnetic system due to the unidirectional
anisotropy when the magnetization is measured after cooling
down the sample in an external magnetic field below its mag-
netic ordering temperature. This effect is usually observed in
some magnetic nanoparticles and thin films containing antifer-
romagnetic/ferromagnetic or ferromagnetic/spin-glass bilay-
ers. However, this effect is also observed in some bulk materi-
als such as manganites, cobaltates, intermetallic compounds2,
spin-glass systems, etc. Exchange bias is of immense tech-
nological importance since it enables the control of reference
magnetization in spintronic devices such as read-heads and
nonvolatile memory. From a scientific point of view, it is of
general interest because it involves a sophisticated interplay
between fundamental magnetic properties such as anisotropy
and exchange interaction as well as ferromagnetic and antifer-
romagnetic order. Despite the intensive research, especially in
the last two decades, an understanding of the underlying mi-
croscopic coupling mechanism is still missing.
Very recently, Dong et. al. 10 has used Dzyaloshinsky–
Moria (D–M) interaction8,9 as the possible mechanism for ex-
change bias in perovskites with compensated G-type antifer-
romagnetism. There are not many compounds which exhibit
D–M interaction and hence detailed studies are not available
regarding the EB like properties exhibited by them. We have
found that the perovskite compound, Sr2LuRuO6, exhibits ex-
change bias-like properties from our magnetization measure-
ments. The D–M interaction generally occurs when the crystal
structure has low symmetry. The family of double perovskite
compounds Sr2LnRuO6 (where Ln = Y or rare earth) form in a
monoclinic structure (space group P21/n)12 and are good can-
didates for exhibiting D–M interaction13,14 due to distortion
of the oxygen octahdra15. Since there are no reports avail-
able for the detailed magnetic properties of Sr2LuRuO6, we
first give the detailed magnetic properties of this compound,
which is followed by the exchange bias studies. Heat capacity
measurements confirm the two anomalies, corresponding to
the two magnetic orderings. Our results further show that this
compound shows exchange bias properties associated with the
D–M interaction.
II. EXPERIMENTAL DETAILS
Polycrystalline sample of Sr2LuRuO6 was prepared by the
standard solid state reaction method. Stoichiometric amounts
of SrCO3, Lu2O3 and Ru metal powder were mixed thor-
oughly and heated initially at 960◦C for 24 hours. The sam-
ples were then given two more intermediate heat treatments
at 1350◦C, before pelletizing and sintering at 1360◦C for 24
hours. Diffraction pattern of the sample was recorded on
an X’pert PRO x-ray diffractometer (PANalytical, Holland).
The Rietveld analyses of the x-ray diffraction patterns using
FULLPROF software showed that the compound forms in a
single phase. The observed patterns could be indexed to a
monoclinic structure with a space group P21/n. The lattice
parameters obtained from the analyses are a = 5.727(2) Å, b
= 5.727(2) Å and c = 8.101(3) Å along with β = 90.2◦, which
are in good agreement with those values reported earlier16.
The magnetization as a function of temperature and mag-
netic field was measured using a vibrating sample magne-
tometer (VSM) attachment of the Physical Property Measure-
ment System (PPMS) (Quantum Design, USA).
III. RESULTS AND DISCUSSION
A. Magnetic properties
Figure 1 illustrates the magnetization of Sr2LuRuO6 as a
function of temperature in zero field-cooled (ZFC) and field-
cooled (FC) modes. For low field values, the ZFC magne-
tization is negative at lower temperatures. As the tempera-
ture is increased, the magnetization decreases to go through
a minimum, which is contrary to the normal behaviour. As
the temperature is further increased, the magnetization in-
creases, goes through a positive maximum, and then shows
the normal paramagnetic behaviour at high temperatures (not
shown). For higher fields (≥ 500 Oe), the magnetization is
positive at all temperatures. As shown in Fig. 1(b), the FC
magnetisation is positive at all temperatures, shows a broad
peak centred around T ∼ 26 K and the temperature at which
the peak occurs shows a weak temperature dependence on
the applied fields. The nature of increase in FC magnetiza-
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FIG. 1: Magnetization vs temperature for Sr2LuRuO6 in (a) zero
field-cooled (ZFC) and (b) field-cooled (FC) modes under various
applied fields.
tion near TN ∼ 32 K clearly indicates the presence of a ferro-
magnetic component which is expected in this compound due
to D–M interaction among the antiferromagnetically ordered
Ru moments. In order to confirm the presence of ferromag-
netic component as well as to find the origin of the anoma-
lous behaviour in magnetization, we have measured hystere-
sis loops at different temperatures. Typical hysteresis loops
are shown in Fig. 2(a)–(h) for selected temperatures. At low
temperatures, the hysteresis is negligible and the loops are
almost closed. Above T ∼ 20 K, the hysteresis loops open
up and the coercivity increases as shown in Fig. 2(i). Above
T ∼ 26 K, the hysteresis loops start closing again, the coerciv-
ity decreases and disappears above the magnetic ordering tem-
perature of TN ∼ 32 K. As the sample is cooled through TN ,
the increase in coercivity can be attributed to the ferromag-
netic component developed due to the D–M interaction. The
decrease in coercivity below T ∼ 26 K implies a net decrease
in the ferromagnetic component. The absence or negligible
coercivity below 20 K can result from the disappearance of the
ferromagnetic component. However, this possibility is quite
unlikely since no structural change occurs in this compound16
and hence the D–M interaction (which gives rise to canting)
cannot vanish. Another possibility is the magnetization rever-
sal by which some of the Ru moments re-align opposite to the
ordered Ru moments reducing/cancelling the net ferromag-
netic component. This will explain the ZFC/FC magnetization
behaviour also. When the sample is cooled below TN , the FM
component increases the magnetization in FC measurements.
At T = 26 K, the reversal occurs, some moments align op-
posite to the field and the magnetization decreases. Since all
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FIG. 2: Isothermal magnetization curves (a)–(h) obtained under ZFC
mode for Sr2LuRuO6 at different temperatures. (i) Coercivity (Hc) as
a function of temperature obtained from the same curves.
the moments do not reverse/re-align, the magnetization does
not go to zero, but decreases and remains constant when the
reversal is complete. In ZFC measurements, even though the
applied field is zero, a small amount of negative remnant field
can orient the moments along the negative field direction at
TN and some of the moments re-align along the positive di-
rection at the reversal temperature, resulting in a mirror image
of the FC curves. At the lowest temperature, when the posi-
tive applied field is small, moments does not change the status
and hence the magnetization is negative. As the temperature is
increased to the magnetization reversal temperature, moments
aligned along the positive direction (those reversed), reverse
back to the negative direction, resulting in a sudden increase
in the negative magnetization. As the temperature is further
increased, all the moments have to align along the positive
field direction when TN is approached, resulting in a positive
maximum.
Heat capacity measurements were carried out in the tem-
perature range 2–200 K. Figure 3(a) shows the measured heat
capacity. Two anomalies can be noted around the magnetic or-
dering temperatures (see the expanded portion near the mag-
netic ordering in the inset of Fig. 3(a)). In order to obtain
the magnetic contribution to heat capacity, the phonon con-
tribution needs to be separated from the total heat capacity.
As there is no nonmagnetic analogue available for this com-
pound, the total heat capacity above the magnetic ordering
temperature was fitted to an equation containing standard Ein-
stein and Debye terms17,
Cph = R
 11 − αD
(
θD
T
)3 ∫ x
0
x4ex
(ex − 1)2 dx +
3n−n∑
i=1
1
1 − αE
y2ey
(ey − 1)2

(1)
where αE and αD are the anharmonicity coefficients,θD is the
Debye temperature, θE is the Einstein temperature, x = θD/T
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FIG. 3: Total measured heat capacity (circles) as a function of tem-
perature. The inset shows the expanded portion near the magnetic
ordering temperatures. Arrows indicate the two magnetic anomalies.
Solid line is the calculated phonon contribution. (b) left scale : mag-
netic contribution to heat capacity (Cmag) obtained by subtracting the
calculated phonon contribution from the measured heat capacity as a
function of temperature. Inset shows the expanded portion near the
magnetic anomalies. The magnetic entropy (Smag) is plotted on the
right scale.
and y = θEi/T . The best possible fit was obtained when the
calculations were performed by using one Debye and three
Einstein frequencies along with a single αE . The solid line
in Fig. 3(a) represents the fit to the phonon contribution (ex-
tended over the whole temperature range), which is in good
agreement with the experimental data at high temperatures
(above the magnetic ordering). The parameters obtained from
the best fit are: θD = 228 K, θE1 = 130 K, θE2 = 507 K,
θE3 = 510 K, αE = 9.0 × 10−4 K−1 and αD = 9.5 × 10−5 K−1.
The calculated phonon contribution was then subtracted to ob-
tain the magnetic heat capacity, which is shown in Fig. 3(b).
The well-defined peak indicates the presence of a clear long
range magnetic ordering. However, a closer look can reveal
a shoulder, indicated by the arrow, consistent with two tran-
sitions in the magnetization measurements. The slight broad-
ening below the magnetic ordering may be caused by the sub-
traction of the extrapolated phonon contribution, which was
calculated only above the magnetic ordering temperatures.
The magnetic entropy calculated from the magnetic heat ca-
pacity (Smag ∼ 2.56 J mol−1 K−1) is also found to be well
below the expected value even for a doublet ground state of
Ru (Smag ∼ 5.76 J mol−1 K−1), consistent with the findings
in other members of this family18,19. Our preliminary results
from inelastic neutron scattering measurements20 have indi-
cated the presence of crystal field levels for Ru in Sr2YRuO6.
This crystalline field effect can reduce the ground state of
Ru5+ to a doublet ground state. Further, we have observed20,21
the presence of diffuse scattering even well above the mag-
netic ordering temperature. This diffuse scattering is expected
from the frustration among the Ru moments. If frustration ex-
ists among the magnetic moments, it can reduce the entropy of
spins while entering the magnetically ordered state. If we con-
sider similar mechanisms operating in Sr2LuRuO6 also, then
the decrease in magnetic entropy in the present case can be at-
tributed to the crystalline electric field effects and frustration
among the Ru moments.
B. Exchange bias-like properties
In order to further verify the detailed magnetic behaviour,
we have measured the exchange bias properties of this com-
pound. One of the methods to verify the presence of exchange
bias is to measure the hysteresis loop after field-cooling (FC)
the sample below its TN , and compare it with the hysteresis
loop obtained in ZFC mode. For the FC process, the sample
was cooled to 20 K in a magnetic field of 50 kOe (in zero ap-
plied field for ZFC process) and the hysteresis loops were then
measured between ± 90 kOe, as shown in Fig. 4(a). A clear
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FIG. 4: (a) Expanded portion of magnetization hysteresis (M–H)
loops near origin for Sr2LuRuO6 at 20 K measured in zero field-
cooled (ZFC) and field-cooled (FC) modes. For FC mode, the cool-
ing field (HFC) is 50 kOe . (b) Exchange bias (EB) field (HE) values
deduced from FC hysteresis loops as a function of measuring field,
Hmeas. (c) Cooling field dependence of HE where the EB field values
are plotted as a function of cooling field (HFC).
48000
6000
4000
2000
0
H
E
 (
O
e)
3530252015105
T (K)
5000
4000
3000
2000
1000
0
H
c 
(O
e)
34
24
14
4
-6
-16
-26
M
 (
10
-3
em
u)
60300-30-60
H(kOe)
HFC = 50 kOe
 T = 4 K
 HE
 Hc
Sr2LuRuO6
HFC = 50 kOe
Hmeas = ± 60 kOe
FIG. 5: (left scale): Temperature variation of the EB field HE. The
HE values were deduced from the FC hysteresis loops obtained at
each temperature. (right scale): Temperature variation of coercivity
Hc obtained from the same hysteresis loops. Inset shows a typical
hysteresis loop at low temperatures (4 K), showing negligible coer-
civity, but large offset causing large HE values.
difference between the two hysteresis loops can be resolved
(see the inset of Fig. 4(a) where the expanded portion near
the origin is plotted); while the ZFC hysteresis loop is centred
at zero field, the FC hysteresis loop shifts towards both the
negative field and the positive magnetization direction. This
shift was further confirmed by measuring the FC hysteresis
in a cooling field of −50 kOe, which showed the shift along
positive field and negative magnetization direction. We de-
fine the shift along the field axis as the exchange-bias field HE
(= −(Hc++Hc−)/2)22, where Hc+ (Hc−) is the coercive field on
the right (left) side of the zero field. The observed value of HE
is 216 Oe, indicating the presence of an exchange field in this
compound. In EB measurements, cooling field is known to
affect the exchange bias. In order to select a suitable cooling
field, we measured the M–H loops in various cooling fields
ranging from 5 kOe to 70 kOe at 20 K. The exchange field val-
ues calculated from the loop shift is shown in Fig. 4(b). The
exchange bias field shows a saturation type behaviour above
30 kOe. Another factor affecting the exchange bias measure-
ment is the maximum value of the field to which the field is
cycled (minor hysteresis loop effects). To circumvent this ef-
fect and select a suitable measuring field, we measured hys-
teresis loops between different field values after field-cooling
the sample in a field of 50 kOe. Loops obtained at low cycling
fields show large exchange bias values (see Fig. 4(c)) due to
the fact that the loops are not closed or not reached the satura-
tion (minor hysteresis). However, as the cycling field exceeds
± 30 kOe, the loops start closing and the exchange field tends
to saturate. Since we have used HFC = 50 kOe and a measur-
ing field of 60 kOe, we can ascertain that the exchange field
obtained in our measurements is the inherent property of the
sample and not an artefact of the measuring field or cooling
field23.
In order to verify whether the observed EB like proper-
ties are associated with the magnetic ordering, we studied the
temperature dependence of exchange bias. In these measure-
ments, the sample was field-cooled to the measuring temper-
ature in an applied field of 50 kOe. Once the measuring tem-
perature was reached, the magnetization loops were measured
between ± 60 kOe. Figure 5 shows variation of the exchange
field HE at different temperatures, along with a plot of coer-
civity Hc. At 4 K, the exchange field is as high as 8000 Oe.
This happens due to a large offset of the hysteresis loop along
the magnetization/field axis (see inset of Fig. 5). As the tem-
perature is increased, HE value falls sharply and almost dis-
appears around 26 K, even though coercivity and hence FM
component persists upto 32 K, which is the magnetic order-
ing temperature for this compound. The sudden increase of
exchange field at low temperatures indicates that the origin
of exchange bias properties in this compound is not purely
from the appearance of the FM component (and hence D–M
interaction). It is more associated with the second magnetic
anomaly at T ∼ 26 K, which reverses the magnetization.
We have measured another important property called the
training effect to ascertain the exchange bias in our compound,
which is described as the decrease of the exchange bias when
the systems is cycled through several successive hysteresis
loops. Inset of Fig. 6 shows the expanded portion of the low-
field region in the negative field quadrant. The arrow indicates
the direction of increase in the field cycle (n). The curves in
the positive field quadrant do not show any visible change. It
is clear that the training effect is present in our sample and the
exchange bias decreases as the number of cycles is increased,
as shown in the main panel of Fig. 6, where the exchange
bias field is plotted as a function of n, the number of times
through which the sample is cycled in the field. The depen-
dence of exchange-bias on the number of field cycles (n) is
usually given by a simple power-law relationship (for n > 1)2.
HE(n) − HE∞ = k/
√
n (2)
Here HE(n) is the exchange field at the nth cycle, HE∞ is the
exchange field after a large number of field cycling (n → ∞)
and k is a system dependent constant. The solid line in Fig. 6
represents the best fit with the above empirical relation. We
have obtained HE∞ = 170 Oe, which will be the remnant ex-
change bias field in the sample. Since this power-law breaks
down for n = 1, another approach to explain training effect is
given by Binek26, where the training effect in FM/AFM het-
erostructures is analyzed in the framework of nonequilibrium
thermodynamics. It was proposed that the FM top layer, when
consecutively cycled through magnetic fields, triggers a spin
configurational relaxation of the AFM interface magnetization
toward equilibrium. With this consideration, a recursive for-
mula, instead of the power-law formula, is given to describe
the field cycling dependence of exchange bias as,
HE(n + 1) − HE(n) = − γ (HE(n) − HE∞)3 (3)
where γ is again a sample dependent constant (= 1/2k2).
We have attempted to generate data with Eq. (3) using γ =
4.1 × 10−5 Oe−2 and HE∞ = 170 Oe (obtained from the power
law fit, Eq. (2)) as additional inputs. The open (green) circles
in Fig. 6 represent the HE values generated by Eq. (3), which
match satisfactorily with the experimental data. Thus the spin
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configurational relaxation model can describe our experimen-
tal results as well, which prima-facie is not a multi-layer com-
pound. It is likely that the consecutive reversing of the FM
component (generated by D–M interaction) triggers the con-
figurational relaxation of the interfacial AF spins toward equi-
librium and causes the training effect.
Recently Mishra et. al.28 considered the training effect as
related to the interfacial spin disorder. The evolution of the
interfacial disorder during the measurements of the hysteresis
loops causes a decrease of the exchange bias field. AF domain
dynamics is also found to affect the magnitude of coercive as
well as exchange bias fields. The combined effect of these
contributions causes a gradual decrease of exchange bias as
a function of n. The exchange bias then can be given by a
probabilistic equation,
HE(n) = HE∞ + A f e−n/P f + Ai e−n/Pi (4)
where A f and P f are parameters related to the change of the
frozen spins, Ai and Pi are parameters related to the evolution
of the interfacial disorder. The A parameters have dimension
of field while the P parameters have no dimension but they
are similar to a relaxation time, where the continuous variable
“time” is replaced by a discrete variable n. We have used this
equation to fit our experimental data, which is shown as the
dotted (blue) line in Fig. 6, which agrees well with the ex-
perimental data. The parameters obtained from this fit are:
HE∞ = 192 Oe, A f = 55.8 Oe, P f = 5.5, Ai = 1628 Oe,
Pi = 0.45. The value of HE∞ = 192 Oe compares well with
the value (HE∞ = 170 Oe) obtained from the power-law fit
(Eq. (2)). A comparison between P f and Pi shows that the
frozen component relaxes nearly 10 times faster than the in-
terfacial magnetic frustration.
IV. CONCLUSION
We have shown that the perovskite compound, Sr2LuRuO6,
exhibits properties associated with exchange bias. The ob-
served exchange bias properties could be analyzed on the ba-
sis of some of the available theoretical models. The D–M
interaction can be considered as the possible mechanism be-
hind the anomalous magnetic behaviour shown by this com-
pound. However, the indications are that the exchange bias
properties become dominant only after the magnetization re-
versal, and not along with the magnetic order with FM com-
ponent. Detailed measurements are needed to pinpoint the
exact mechanism for the complex magnetic behaviour in this
compound. In short, out results support the proposal by Dong
et. al. that the perovskites with compensated AFM structure
and weak ferromagnetic component (coming from D–M in-
teractions) can show the exchange bias like properties.
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